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Transformation of Withania somnifera was carried out by using three Agrobacterium rhizogenes strains 
(ATCC 15834, R1000 and K599) for hairy root induction. Induction of hairy root was carried out in leaf, 
petiole and internodal explants. Hairy root induction was successful only in ATCC 15834 and R1000. 
The highest frequency of hairy root was obtained in petiole explants (64%) infected with R1000 and it 
resulted in five distinct morpho-types (callus (fragile), callus (hard), callus + hairy roots, hairy roots and 
callusing roots). The frequency of R1000 transformation was increased up to 93.2% by the addition of 
acetosyringone during various steps of infection. Molecular identification through PCR analysis of rolC 
confirmed the presence of Ri T-DNA. The half strength Murashige and Skoog (MS) liquid medium was 
found to be the best medium that supports the high root biomass accumulation than the other tested 
medium types (MS full strength, Gamborg B5 medium (B5) full strength and B5 half strength). High 
performance liquid chromatography (HPLC) analysis of hairy roots revealed the accumulation of 
withaferin-A (72.3 mg/g dw). This study reports the influence of Agrobacterium strains, explant types 
and acetosyringone in the hairy root induction of W. somnifera. 
 





Withania somnifera (Ashwagandha) is one of the most 
versatile plants used in traditional Indian medicine system 
(Ayurveda). It is highly reputed as ‘Indian ginseng’ and is 
a member of plants generally regarded as safe (GRAS) 
(Jayaprakasam et al., 2003), which is cultivated in India 
for their medicinal purposes. The roots and leaves of 
Ashwagandha contain various alkaloids, viz., with-
anolides and withaferins (Atta et al., 1991). Studies show 
that the plant has been used as an antioxidant, 
adaptogen, aphrodisiac, liver tonic, anti-inflammatory 
agent, antitumour, astringent and more recently, to treat 
ulcers, bacterial infection, venom toxins and senile 
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use for anxiety, cognitive and neurological disorders, 
inflammation, hyperlipidemia and Parkinson’s disease 
(Gupta and Rana, 2007). In vivo research on 
Ashwagandha as an antitumor agent confirms its use-
fulness in slowing tumor growth and increasing survival 
time. Recently, the ability of withaferin-A in the inhibition 
of human breast cancer cells growth in vivo through G2 
and mitotic arrest has been reported (Silvia et al., 2008). 
Presently, withanolides have been commercially obtained 
by solvent extraction of roots of the plants collected from 
the natural sources. Low yield, genotypic and chemotypic 
variations, heterogeneity in content, long gestation period 
(4 to 5 years) between planting and harvesting and 
uneconomical chemical synthesis are major constrains in 
industrial withanolide production. Continuous collections 
of this plant from the natural habitats brought this 
precious species under the category of threatened 





Nature and Natural Resources (Kavitra et al., 2000; Supe 
et al., 2006). 
Until now, there has been no commercial process as an 
alternative for root-derived compounds, except in case of 
utilizing hairy root culture systems. Unfortunately, 
although many important metabolites were found in cell-
culture, those cell cultures usually have a strong 
tendency to be genetically and biochemically unstable 
and are often synthesized at very low levels of useful 
secondary metabolites. This low concentration of certain 
secondary metabolites is largely due to developmental 
stages of these production cells, which divide and grow 
rapidly but without undergoing differentiation. Compared 
with suspension cell culture, transformed hairy root is 
highly differentiated and can produce plant materials that 
are rich in secondary metabolites. This elevated level of 
secondary metabolites and the rapid growth of trans-
fected hairy roots are just the features of a successful 
production model for useful phytochemicals. 
Transgenic hairy root cultures have revolutionized the 
role of plant tissue culture in secondary metabolite pro-
duction. They are unique in their genetic and biosynthetic 
stability, faster in growth, and more easily maintained. 
Using this methodology, a wide range of chemical 
compounds has been synthesized (Shanks and Morgan, 
1999; Giri and Narasu, 2000). The greatest advantage of 
hairy roots is that their cultures often exhibit approxi-
mately the same or greater biosynthetic capacity for 
secondary metabolite production compared to their 
mother plants (Kim et al., 2002). In view of the aforesaid, 
the present study was designed to generate hairy root 
system of W. somnifera using Agrobacterium rhizogenes 
strains ATCC 15834, R1000 and K599 and optimize the 
culture conditions for high root biomass productivity and 
withaferin-A production.  
 
 
MATERIALS AND METHODS 
 
Preparation of explants 
 
From four to five weeks old axenically propagated W. somnifera 
plants, leaf discs (9 mm diameter) were cut using a cork-borer, 




Preparation of A. rhizogenes culture for infection 
 
The A. rhizogenes (ATCC 15834, R1000 and K599) stored at -80°C 
were first activated by inoculation on solid YMB media and cultured 
at 28°C for two days. Then, the bacteria were transferred into liquid 
YMB media by using a sterile bacterial loop and cultured on an 
orbital shaker at 280 rpm and 28°C overnight. To study this 
influence, 50 µM acetosyringone was added to the following steps 
in the transformation: 
 
i) Activation of bacterial culture through addition of 100 µM AS an 
hour prior to infection. 
ii) Addition of 100 µM AS in co-cultivating MS medium. 
iii) Activation of bacterial culture (i) and addition in co-cultivating 
medium (ii). 




Infection and co-cultivation 
 
The explants were immersed in prepared bacterial suspension and 
swirled for various times (10 and 20 min) in different experiments. 
Infected explants were blotted on Whatman No. 1 paper to remove 
excess of Agrobacterium culture and placed directly on MS basal 
medium. Co-cultivation was carried out for two days at 16/8 h 
light/dark condition. After two days co-culture with different strains 
of A. rhizogenes (ATCC 15834, R1000 and K599) on hormone-free 
MS basal media, the explants were washed five times with sterile 
water to remove superficial bacteria and then were transferred to 
MS basal medium containing cefotaxime (250 mg/l) to further 
eliminate excess bacterial growth. 
 
 
Cultivation of hairy roots 
 
After hairy roots initiated from the edges of the explants and grew to 
nearly 2 to 5 cm long, they were excised and subcultured into solid 
MS basal medium for two months. Then they were transferred to 
shake flasks in 20 ml liquid medium for 28 days unless described 
otherwise. Each flask was inoculated with 3 to 5 cm long root. 
 
 
Determination of root biomass 
 
The roots were separated from the media by using a stainless steel 
sieve. Their fresh weights were determined after they were washed 
with distilled water and the excess surface water blotted away. Dry 
weights were recorded after the roots were dried at 60°C till 
constant weight is recorded.  
 
 
Extraction of withaferin-A 
 
Two hundred millgram (200 mg) dry weight (DW) of root tissue was 
taken for analysis. The tissues were ground and extracted overnight 
in methanol (5 times w/v) on a rotary shaker at 26°C and 100 rpm. 
The procedure was repeated three times and the methanolic 
extracts were pooled together. The extracts were filtered through 
Whatman No.1 filter paper and diluted with deionised water (1 
methanol: 4 water). The resultant solution was extracted with 3 
volumes of chloroform. Chloroform layer was separated from other 
layers through a separating funnel. The chloroform extract was 
dried and the residue was dissolved in 1 ml methanol, filtered 
through a 40 μM nylon filter and 20 μl was used for HPLC analysis. 
The standard of withaferin-A dissolved in methanol at strength of 
0.5 mg/l and 20 μl was used for HPLC analysis (modified from Roja 
et al., 1991). 
 
 
Polymerase chain reaction (PCR) 
 
Genomic DNA was extracted using CTAB method (Doyle and 
Doyle, 1987) from each of the hairy root lines as well as from 
control non-transformed roots. PCR primers specific for the 
amplification of the 557 bp fragment of the rolC gene were used. A 
50 µl PCR mix contained 200 ng of DNA, 10 pmoles primers, 200 
µM dNTP mix, 1U of Taq DNA polymerase, 1X PCR buffer and 2 
mM MgCl2. PCR conditions were 94°C for 5 min, 42 cycles of 94°C 
for 1 min, 52.5°C for 1.5 min and 72°C for 2 min, and a final 
extension at 72°C for 10 min. The sequences of the primers used in 
the PCR are as follows: 
 
Forward primer 5’ATGGATCCCAAATTGCTATTCCCCC ACGA3’ 
and Reverse primer 5’TTAGGCTTCTTTCATTCGGTTTACTG 
CAGC 3’ 












RESULTS AND DISCUSSION  
 
Induction of hairy roots 
 
After co-cultured with agrobacteria for three days in Petri 
dishes with MS medium containing cefotaxime, hairy 
roots began to develop from the brink of the infected 
explants (Figure 1). When they grew to nearly 2 cm in 
length, hairy roots were excised from explants and 
transferred to new MS medium without any auxin. After 
one month, roots that did not survive were normal roots, 
whereas roots that survived were true hairy roots. Hairy 
roots are capable of synthesizing endogenous auxin, thus 
require no supplemental auxin. The autotrophy in auxin 
production reflects the expression of genes within the T-
DNA of the Ri plasmid from A. rhizogenes. The survived 
roots displayed the typical phenotypes of hairy roots, 




Effect of explant type on hairy root transformation 
 
Among the different explants tested (leaf, petiole and 
internode), only the petiole explants induced hairy roots 
at greater percentage (64%) whereas the internodal 
segments and leaf were comparatively lesser than the 
petiole explants (Figure 2; Table 1). Juvenility and nature 
of explant influence the Agrobacterium mediated trans-
formation process (Yonemitsu et al., 1990; Trypsteen et 
al., 1991). Nin et al. (1997) have reported that specificity 
of Agrobacterium transformation is closely connected 
with the age and hormonal balance of the host tissue. 
Potrykus (1990) stated that wound response was the 
most important factor for the successful transformation. 
He reported that explants with pronounced wound 
response develop larger populations of wound adjacent 
competent cells for regeneration and transformation. It is 
quite evident that different explants vary in their wound 
response, that is, produce the number of competent cells 
for transformation. The explant cells differ in their DNA 
synthesis and cell division ability due to the difference in 
physiological maturity of the cells. The present 
observation that petiole explants induced hairy roots may 
be due to their ability to produce greater number of 




Frequency of Agrobacterium rhizogenes 
transformation 
 
The strains of A. rhizogenes varied greatly in their ability 
to induce hairy roots, and their frequency of 
transformation ranged from 0 to 64%. R1000 had the 
highest induction frequency in petiole explants (64%) 
compared to leaf (42.5%) and internode (37.7%), while 
K599 did not shown infection in any of the explants 
studied. The infectivity of other strain (ATCC 15834) fell 
between the two strains (Table 1). The differential 
efficiency of various A. rhizogenes strains in promoting 
the induction, growth and secondary metabolite 
production of hairy roots has been reported in various 
plants. The strains of A. rhizogenes affected growth  rate,  






Figure 2. a) R1000 induced morphogenetic response in leaf explants; b) R1000 induced morphogenetic response in petiole explants and c) 










Experiment I  Experiment II 
Leaf Petiole Internode Leaf Petiole Internode 
ATCC 15834 18.9% (7/37) 29.7% (11/37) 16.6% (5/30)  23.4% (11/47) 28.6% (10/35) 15.6% (5/32) 
R1000 42.5% (20/47) 64.0% (32/50) 36.1% (17/47)  40.0% (16/40) 62.8% (22/35) 37.7% (17/45) 




saponin production and the ratio of different 
astragalosides in transgenic root cultures of Astragalus 
mongholicus (Ionkova et al., 1997). Agrobacterium strain 
also influenced the development, growth rate and tropane 
alkaloids production in transformed root cultures of 
Hyoscyamus muticus (Vanhala et al., 1998). Hairy root 
cultures of Gentiana macrophylla were established by 
infecting with four A. rhizogenes strains and each hairy 
root lines showed different response regarding growth 
and production of secoiridoid glucoside gentiopicroside in 
transformed hairy root cultures (Tiwari et al., 2007). 
Clearly, the selection of an effective Agrobacterium strain 
for the production of transformed root cultures is highly 
dependent on the plant species, and must be determined 
empirically. The frequency of transformation is calculated 
by the number of explants induced with hairy roots 
divided by the total number of explants used for 
transformation. 
Effect of acetosyringone on R1000 transformation 
frequency 
 
Factors including Agrobacterium strains, age and 
differentiation status of plant tissue, coculture time, and 
activation factor, that is, acetosyringone, are often 
considered in order to increase frequency of 
transformation (Luo et al., 2004). Acetosyringone is one 
of the phenolic inducers of the virulence genes of 
agrobacteria; the addition of the chemical into cultures of 
A. tumefaciens was found to increase transformation rate 
in Arabidopsis thaliana and Atropa belladonna (Mathews 
et al., 1990; Sheikholeslam and Weeks, 1987). There-
fore, acetosyringone (AS) was added into various steps 
of R1000 transformation to increase the frequency of 
hairy root induction from W. somnifera petiole explants: 
 
i) Activation of bacterial  culture  through  addition  of  100 




µM AS an hour prior to infection. 
ii) Addition of 100 µM AS in co-cultivating MS medium 
iii) Activation of bacterial culture (i) and addition in co-
cultivating medium (ii) 
 
Addition of AS in both steps i and ii has notably increased 
the transformation frequency (Figure 2) compared to the 
control (without addition of AS in any steps in the 
transformation). Studies showed that the promoting effect 
of acetosyringone on A. rhizogenes mediated trans-
formation in Brassica napus (Boulter et al., 1990), Salvia 
miltiorrhiza (Hu and Alfermann, 1993), and Artemisia 
annua (Giri et al., 2001). 
 
 
Hairy root morpho-types  
 
Hairy roots grow rapidly, show plagiotropic growth, and 
are highly branched on phytohormone free medium. The 
transformed root is highly differentiated and can cause 
stable and extensive production of secondary meta-
bolites. But, the majority of the petiole explant infected 
with R1000 strain showed morphological variability, that 
is, certain explants failed to produce any roots, instead, it 
produces only callus after infection; whereas, some of the 
explants produced roots only after very short callusing 
phase, and most of the explants successfully produced 
normal hairy roots. Among the hairy roots, few hairy root 
lines produced callus in the roots (Figure 3). The growth 
rates of transformed roots are known to vary greatly 
between species, but differences are also observed 
between different root clones of the same species (Mano 
et al., 1989). The alteration of the phenotype of trans-
genic tissue is more likely related to the position of the T-
DNA in the plant genome and its subsequent expression 
(Zhu et al., 2001) and it has been reported by many 
authors in various plants. The development of callus may 
be attributed to TR-DNA insertion since it harbours the 
aux genes and its expression could result in additional 
auxin production and callus formation in transformed root 
lines (Robins et al., 1991; Jung et al., 1995). The 
callusing root cultures could be due to the expression of 
the aux1 gene as reported earlier in carrot, Hyoscyamus 
muticus and Cucumis sativus (Guivarc’h et al., 1999). In 





 insertions were also correlated with 
callusing, indicating a role for the TR-DNA in the callus 
morphology (Batra et al., 2004). The callusing root 
phenotype (harbouring both the TL and TR-DNA 
segments) could depend on the number of inserts of TL 
and TR segments, since both segments can be 
transferred independently (Villaine and Casse-Delbart, 
1987) (Figure 4).  
 
 
Standardization of medium type and strength for 
hairy root culture 
 





composition on the growth rate of hairy roots. Nutritional 
factors might affect the number of lateral branches per 
unit length or the average cross-sectional dimensions of 
the roots (Hilton and Rhodes., 1990). Medium types (MS 
and B5) and strength (full strength and half strength) 
displayed significant effect on both fresh and dry weight 
of W. somnifera hairy roots (Figure 5).  
Half strength B5 medium was the weakest medium for 
the growth of W. somnifera hairy roots. Both the fresh 
and dry masses of hairy roots grown in half strength B5 
medium were significantly lower than that in half strength 
MS and full strength B5, MS medium. MS medium was 
the best medium among the four media studied, in which 
the dry mass of hairy roots attained 0.46 g per flask after 
30 days (Figure 5).  
As demonstrated by Saenz-Carbonell et al. (1997), 
hairy roots are less susceptible to manipulation by 
changes in medium composition than callus and cell sus-
pension cultures. Half strength MS has shown increased 
fresh and dry weight of roots; the content of nitrogen 
could be an important factor that affected the growth of 
W. somnifera hairy roots. Since full strength MS and B5 
contained more nitrogen, approximately 22.5 and 26.8 
mM than their half strength counterpart, these observed 
results are in accordance with Wysokinska and Rózga 
(1998) in Paulownia tomentosa, where the hairy roots did 
not grow in full strength B5 and MS media. When 
medium was diluted to half strength, either B5 or MS, 
they grew rapidly. But for some species, the medium 
strength seemed not to influence the growth of hairy 
roots. As reported by Giri et al. (2001), hairy roots of 
Artemisia annua grew well on 1.0, 0.5 and 0.25 strength 
MS media (Figure 6). 
Different impact patterns of the changes of medium 
strength on the synthetic secondary metabolites were 
found in different species. As the medium strength 
decreased to half strength, solasodine level in Solanum 
mauritianum hairy roots was lowered but ajmaline and 
ajmalicine levels in Pauvolfia micrantha were increased 
(Drewes and van Staden, 1995; Sudha et al., 2003). 
 
 
Molecular identification and quantification of 
withaferin-A  
 
To confirm the integration of T-DNA from the A. 
rhizogenes into the hairy root genomic DNA, DNA from 
hairy roots were subjected to PCR analysis. PCR was 
used to demonstrate that the T-DNA from the Ri plasmid 
of A. rhizogenes was present in W. somnifera hairy roots. 
The PCR results showed that all the hairy root lines 
contained rolC gene which was a part of T-DNA of Ri 
plasmid of A. rhizogenes (Figure 7).  
In the present study, HPLC was used to assess the 
hairy roots W. somnifera for the production withaferin-A in 
dry roots (Figure 8). The amount of withaferin-A was 72.3 
mg/g of dw of hairy roots.  
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Figure 4. A. rhizogenes R1000 induced hairy root morpho-types in W. somnifera. 












Figure 6. Influence of medium strength and type on W. somnifera hairy root biomass. 






Figure 7. PCR analysis of A. rhizogenes R1000 induced hairy root lines. 
Lanes A, B and C: R1000 induced hairy root lines; lane D: Negative 







Figure 8. HPLC analysis of withaferin-A. 






This paper demonstrates that the ability of three A. 
rhizogenes and type of explants are influential in terms of 
hairy root induction and growth in vitro in W. somnifera. 
Unraveling this potential role of Agrobacterium strain and 
explant type in hairy root induction is not only of great 
scientific interest, but is also of substantial relevance, as 
it would allow the rational manipulation of hairy root 
biomass production in large scale industrial applications 
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